OBJECTIVES: Aim of the study was to analyze the mold filling capacity and the dimensional accuracy of a spinel-based investment for titanium castings. METHODS: Expansion of the investment in dependence of the preheating temperature was measured in a dilatometer. The degree of transformation of MgO and Al2O3 to spinel (MgAl2O4) was evaluated by means of X-ray powder diffraction. Mold filling capacity was assessed by casting a grid and calculating the percentage of completed segments. Dimensional accuracy was analyzed by casting a hollow cylinder and measuring the difference between the inner diameter of the resin pattern and the resulting titanium casting. RESULTS: Spinel formation starts at 819 degrees C. Diffraction patterns prove the formation of spinel from MgO and Al2O3. The amount of spinel increases with increasing preheating temperature. The final expansion of the investment at the end of the preheating cycle at 450 degrees C shows a linear correlation to the maximum preheating temperature. The degree of mold filling is reciprocal to the preheating temperature. The dimensional accuracy shows a linear correlation to the amount of spinel. Best dimensional accuracy was obtained at about 900 degrees C. After a preheating temperature of 884 degrees C, as recommended by the manufacturer, the cast specimens showed a slightly lower inner diameter as compared to the resin patterns. SIGNIFICANCE: The results suggest that with the spinel investment analyzed an excellent accuracy of titanium castings may be obtained. Significance. The results suggest that with the spinel investment analyzed an excellent accuracy of titanium castings may be obtained.
Introduction
Casting of titanium is demanding. The strong affinity of Ti to elements such as O, N, or C and its high melting point of 1668°C lead to reactions with the investment surface. Thus, a brittle surface layer is formed which affects the surface properties of titanium castings [1] . To reduce the formation of this so-called alpha-case, Ti has to be cast at a comparatively low mold temperature of about 400-450°C.
Hence, mold filling and dimensional accuracy in titanium castings are a concern [2] . In fact, the margin quality of titanium reconstructions is significantly lower as compared to high-gold alloys [3, 4] .
For dimensional accuracy the metal shrinkage during crystallization and cooling must be compensated. That is accomplished by an appropriate expansion of the investment prior to casting [5] .
Silica-based phosphate-bonded investments have been commonly used for casting high temperature melting noble and base metal alloys in dentistry. Since Ti is highly reactive at high temperatures, effort has been made to replace silica with thermally more stable refractory materials such as MgO or Al 2 O 3 [5] .
Current investments for titanium casting use the formation of spinel (MgAl 2 O 4 ) from MgO and Al 2 O 3 to generate an expansion of the investment [6] . From crystal data [7] [8] [9] it can be calculated that the crystallization of spinel from MgO and Al 2 O 3 is associated with an increase in volume of 8.04%.
Hence, by the degree of transformation of MgO and Al 2 O 3 to spinel the expansion of the investment can be controlled.
To the knowledge of the authors no data are available concerning the properties of the investments based on spinel. Aim of the present study, therefore, was to measure the expansion of a spinel-based investment and to evaluate the mold filling and the dimensional accuracy of titanium castings in dependence of the thermal treatment of the investment.
Materials and methods
The investigation was performed with the spinel investment Biotan Vest C&B (Schütz Dental, Rosbach, Germany). For all specimens a powder/liquid ratio was chosen according to the manufacturers instructions (18g powder/100ml liquid). The powder was weighed to a precision of 0.01g (PL1200, Mettler Toledo, Nänikon, Switzerland). The liquid volume was measured with a 25ml pipette with a graduation of 0.25ml. Mixing was done in a vacuum mixer (Smart-Mix, Amann Girrbach, Pforzheim, Germany) with a reduced pressure of -845mbar for 60s and the investment was poured into the appropriate mold on a vibrator (Vibrator 7032, Leleux, Oberhausen, Germany) using a frequency of 6000Hz. Setting was allowed for 45min as recommended by the manufacturer. A heating temperature of 884°C is recommended to achieve a precise fit, but a temperature range of 850°C to 940°C is allowed in order to adjust the expansion. The appropriate heating cycles for these three preheating temperatures are shown in Figure 1 . According to the manufacturer's instructions a heating rate of 5K/min was chosen. There are hold-times for 30min at 300°C, at the preheating temperature, and at the end of the preheating cycle at 450°C.
Setting expansion
To measure the setting expansion an extensometer according to ISO 9694:1996 was used, consisting of a V-shaped trough with a length of 50±0.1mm and a width of 25mm. At one side a movable plate was mounted, which was connected to a micrometer. The mixed investment was poured into the Vshaped trough and 2min after starting the mixing, the micrometer was read every 5 minutes for 2 hours.
Thermal expansion
For the measurement of the linear thermal expansion cylindrical samples with dimensions of 25mm in length and 5mm in diameter were produced using a separable polyacetal mold. Thermal expansion was measured in a dilatometer (DIL 402C, Netzsch, Selb, Germany), performing a complete heating cycle according to Figure 1 with maximum temperatures of 850°C, 884°C, and 940°C, respectively. A mean curve of 6 measurements for each temperature was calculated. In addition the final expansion at 450°C was calculated as mean of the 6 samples.
X-ray diffraction analysis
Powders of the investment after heating to 850°C, 884°C, or 940°C were investigated by powder diffraction (STADI-P, STOE, Darmstadt, Germany) and analyzed by means of the software WinXPow [10] . Assignment of phases via the powder diffraction data base PDF-2 was performed using the software Match! (Crystal Impact, Bonn, Germany). Relative amounts of phases in the samples were determined by Rietveld analysis using EXPGUI/GSAS [11, 12] 
Dimensional accuracy and mold filling
In purpose to measure the dimensional accuracy after casting, polyacetal hollow cylinders with a height of 5mm, an outer diameter of 8mm and an inner diameter of 5 (+0/-0.03)mm were milled fine mechanically according to Figure 2 (A). The inner diameters of the cylinders were measured with a calibrated three-point micrometer screw (Futuro, Brütsch-Rüegger AG, Zurich, Switzerland) with a precision of ±0.02mm. These cylinders were attached to wax sprues with a diameter of 5mm. A second part of the specimens consisted of a polyethylenterephthalat grid (Sefarpetex 07-1410/49, Sefar, Rüschlikon, Switzerland) with 10 x 10 meshes to measure the mold filling (Fig. 2, B) [13] . The mesh size was 1.4mm, the diameter of the filaments 0.6mm. This grid was attached to a Y-shaped wax sprue with a diameter of 2.5mm. Both the cylinder and the grid were attached together in an angle of 60° and invested in a casting cylinder with the bisecting line of the angle parallel to the cylinder axis.
For casting of these samples, 5 molds at a time were placed in a furnace (Siladent, München, Germany) at room temperature and heated according to Figure 1 up to a maximum pre-heating temperature of 850°C, 884°C, or 940°C, respectively. For each temperature 10 specimens were cast.
Casting was performed with a two-chamber pressure casting machine (Dor-A-Matic, Schütz Dental).
A 16g ingot of titanium grade 1 (Biotan, Schütz Dental) was placed in the copper crucible, the tungsten electrode was positioned in a distance of 6mm to the ingot and the chamber was automatically evacuated and flooded with Ar as shielding gas for two times. Melting was performed with an electric arc. Casting procedure was performed by tilting the copper crucible at the time all material was melted. A pressure of 0.35MPa was automatically established. After casting the mold was quenched in water and the casting devested. The investment remaining on the surface of the casting was carefully removed by sand-blasting with 50µm glass beads (Benzer Dental, Zurich, Switzerland). This procedure is recommended to avoid any volume loss of the titanium samples [14] .
The inner diameters of the cylinders were measured and the differences to the initial values were calculated.
For measuring the mold filling the length of the segments of the grid were measured, totalized and divided by the total length of the filaments in a complete pattern, i.e. 495mm (Fig. 3) .
Statistics
The results of the dimensional accuracy were tested for significant differences with a regression analysis (PROC GLM Version 8, SAS Institute, Cary, NC, USA) as well as Wilcoxon, Mann-Whitney U-Test (PROC NPAR1WAY, SAS Institute).
Results

Setting expansion
No expansion was observed during the setting reaction.
Thermal expansion
During the hold-time at the preheating temperatures a significant expansion was observed (Fig. 4) .
The expansion starts at 819°C (Fig. 5) . The extrapolated onset temperature is 898°C. The final expansion at the end of the thermal treatment, i.e. at 450°C, shows a linear correlation to the preheating temperature (Fig. 6 ).
X-ray diffraction analysis
The x-ray diffraction patterns prove the formation of spinel during thermal treatment (Fig. 7) .
Additional peaks could not be assigned. The percental content of MgO, Al 2 O 3 and spinel in relation to the weight sum of these three phases was calculated for each sample (Tab. I).
Mold filling and dimensional accuracy
Mold filling ranged between 81.8 ± 14.0% at 850°C and 69.3 ± 22.3% at 940°C with a strong linear correlation to the preheating temperature (Fig. 8) . The difference of the inner diameter of the cast hollow cylinders compared to the polyacetal patterns (∆d i ) ranged between -81 ± 9µm after preheating at 850°C and 83 ± 30µm after preheating at 940°C and was correlated to the amount of spinel (Fig. 9) .
The exact dimension would be obtained at a content of 57.0 spinel, which corresponds to a preheating temperature of 898°C.
A comparison of the degree of mold filling and the dimensional accuracy reveals that both parameters are correlated in a way that an optimum in dimensional accuracy is associated with a medium mold filling capacity (Fig. 10) .
Discussion
The present results demonstrated that the formation of spinel from MgO and Al 2 O 3 is an efficient method to achieve an expansion in an investment for titanium casting. By controlling the amount of spinel the dimensional accuracy may be adjusted in a wide range. By extrapolation it can be concluded that during preheating no expansion of the investment occurs, when the maximum temperature is kept below about 840°C, provided the hold time does not exceed 30min. Hence, it is not possible to influence the dimensional fit by preheating temperatures below 840°C unless the hold time is prolonged. At 940°C it seems that Al 2 O 3 is completely converted to spinel. This behavior is in contrast to phosphate-bonded investments where the main expansion is obtained by the setting reaction [5] .
With an increasing preheating temperature the degree of mold filling was slightly reduced. This may be explained by a reduced gas permeability [14] , which in turn may be due to an increased sintering of the investment at higher temperatures. Thus, the gas pressure is increased because the gas cannot escape during casting [15, 16] . The use of a combined specimen for mold filling degree and dimensional accuracy allows a direct correlation between both parameters. An increasing mold filling capacity is correlated with a decreasing dimension of the cast specimen.
The dimensional accuracy was highly predictable from the spinel content and hence from the expansion of the investment. Since the expansion is correlated to the preheating temperature, the heating schedule is a viable tool to adjust the precision of fit of titanium restorations. This is in accordance with findings of previous investigations [17] . In the present study the behavior of the investment was mimicked by the dilatometer measurements. Thus a test set up close to practice was created which provides reliable data for the investment.
In general the results prove that the manufacturer's recommendations are appropriate to obtain precise castings. Preheating between 850°C and 940°C offers a wide range of alignment. Interpolation of the results showed that best fit would be achieved with a preheating temperature of about 900°C.
However, a preheating temperature of 884°C is recommended which results in a slightly underdimensioned casting. Apart from the fact that the temperature in the oven cannot be adjusted perfectly and differs depending on the position in the oven chamber, a tight-fitting casting offers the chance to adjust the fit, while a loose fit does not afford this option.
Mold filling and dimensional accuracy in titanium castings is not only affected by the type of investment and its heating schedule but also by the sprue design [18] [19] [20] [21] . In the present investigation a simple geometry of the patterns allowed a simple sprue design with direct feeding. The fine margins of crowns [22] or the complex geometry of removable partial dentures [23] require more sophisticated sprue designs. This must be considered when transferring the results to practice.
Conclusion
The results suggest that the spinel investment analyzed provides an excellent dimensional accuracy for titanium castings. Ęd i
